serum estradiol (P = 0.19) and IGF-1 levels (P = 0.15) at GD 19 or birth weight among the 30 milk and water groups were seen, but estradiol, and IGF-1 levels and birth weight were 31 numerically higher in the LIM than in the HIM group. Puberty onset occurred earlier in the 32 LIM offspring than in controls (P = 0.03). Although the high isoflavone content seemed to 33 prevent the effect on circulating estradiol and IGF-1 levels and advanced puberty onset seen 34 in the LIM group, HIM increased DMBA-DNA adducts in the mammary gland and tended to 35 increase mammary tumorigenesis. In contrast, offspring exposed to LIM in utero, did not 36 exhibit increased breast cancer risk, despite having higher estradiol and IGF-1 environment 37 and consequently earlier puberty onset. These results indicate that the phytochemical content 38 in the cow's milk, consumed by a pregnant dam, determines how milk affects the offspring.
more intensive use of legumes in the feed. Equol is produced from the precursors 48 formononetin and daidzein by ruminal and intestinal bacteria (4, 5). All cows produce equol, 49 but only about one third of the Western population is estimated to be able to produce this 50 isoflavone, most likely due to inter-individual variability in the intestinal bacterial flora (5). 51
Cow´s milk is therefore a potential source of equol for non-equol producers. It is not clear 52 whether equol exposure affects breast cancer risk. In humans, urinary equol excretion 53 correlates with a high intake of soy products and a reduced risk of breast cancer (6), but equol 54 also shows proliferative effects on human breast cancer cells (7), and in rodent studies dietary 55 equol exhibits estrogenic effects (8). 56
Results from animal studies suggest that maternal dietary or hormonal exposures during 57 pregnancy may have long lasting effects on mammary tumorigenesis among the female 58 offspring (9-12). For example, maternal exposure to a high fat diet during pregnancy increases 59 a female offspring´s susceptibility to develop carcinogen-induced mammary tumors in rats (9, 60 13), whereas whole wheat flour, containing lignans, and fish oil reduces the risk (10, 12). The 61 effects of maternal exposure to the isoflavone genistein during pregnancy on offspring´s 62 mammary tumorigenesis have also been intensively studied but results are conflicting (14) . with DNA-adduct formation, were analyzed using one-way analysis of variance (ANOVA) 173 followed by between group comparisons using Tukey´s test. Kaplan-Meier curves were used 174 to compare differences in vaginal opening and tumor incidence, followed by the Log-Rank 175 test. All tests were performed using the SPSS SigmaStat software and differences were 176 considered significant if the p-value was less than 0.05. 177
178

Results
179
Milk composition 180
There were no macronutrient differences between the two types of milk (data not shown). 
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(HIM) (429 ng/ml) compared with low isoflavone milk (LIM) (101 ng/ml) (P < 0.001) ( Table  183 1), with equol being the most abundant phytoestrogen in HIM (366 ng/ml). However, the 184 levels of enterodiol and enterolactone were significantly higher in LIM (0.21 and 42 ng/ml, 185 respectively) than HIM (0.09 and 19.8 ng/ml, respectively) (P = 0.04 and P = 0.01, 186 respectively) ( Table 1) . 187
188
Pregnancy outcome and serum estradiol, IGF-1 and isoflavones 189
Pregnant dams were started on cow´s milk on gestation day (GD) 11 and continued until they 190 gave birth. During pregnancy, the intake of liquid was higher in the two milk groups (P < 191 0.001), but milk treated dams also consumed significantly less feed than the tap water group 192 (P < 0.001), and therefore intake of energy (kcal/day) was not significantly different among 193 the three groups (P = 0.07) ( Table 2 ). The total daily phytoestrogen exposure was determined 194 between GD 19 and birth, and it was 16.9±1.1 and 75.1±2.2 μg/kg body weight for LIM and 195 HIM dams, respectively (P < 0.001) ( Table 2 ). Neither milk group differed from tap water 196 control offspring in female (P = 0.14) and male (P = 0.09) birth weight and the female/male 197 offspring ratio was similar among the three groups (Table 2 ). However, both female and male 198 offspring of HIM dams tended to be lighter than the offspring of LIM dams, although 199 maternal energy intake was highest in the HIM group. 200
There was no difference in serum levels of E2 at GD 19 (P = 0.19), but when HIM and 201
LIM were compared to each other, the E2 concentration was significantly lower in the HIM 202 than LIM group (419 pg/ml vs 482 pg/ml, P = 0.03; control dams had E2 concentrations in 203 between the two values (468 pg/ml) (Table 3) statistically significance (P = 0.15) (Table 3) . Serum levels of isoflavones were low in all 207 dams and neither LIM nor HIM altered the circulating levels of genistein or daidzein at GD 208 19, compared with water controls (Table 3) . Equol levels were undetectable in most dams (in 209 23 of 27 dams). Since isoflavones cross the placenta and the aglycone (biologically active) 210 form accumulates in the fetus (32), it is possible that had we been able to measure isoflavones 211 in the fetus, differences would have been seen. 212
213
Puberty onset 214
Maternal exposure to LIM during pregnancy caused an earlier puberty onset in the female 215 offspring, determined by assessing the age of vaginal opening, compared to the control group 216 (Log Rank = 7.169, P = 0.03) (Fig. 1) . No difference was seen between the HIM and control 217 offspring. The age at which 50% of the rats showed vaginal opening was 33.6 ± 0.3, 34. in non-tumorous mammary tissue. Although DMBA-DNA adduct levels that were initially 223 formed after the exposure will gradually decline in time due to DNA repair and cell turn-over, 224 DMBA-DNA adducts were still detectable in all samples. DMBA-induced DNA adduct levels 225 were 2-fold higher in the HIM than in the control rat mammary glands (23.4±3.1 vs 11.2±3.4 226 adducts per 10 8 nucleotides, P < 0.001) (Fig. 2) . DNA adduct levels in mammary glands of 227 rats that received LIM in utero did not differ from the levels observed in control rats 228 (16.3±3.0 adducts per 10 8 nucleotides) (Fig. 2) 
Tumorigenesis 231
There was no difference between LIM and HIM offspring relative to water offspring with 232 respect to mammary tumor incidence (Log Rank = 2.544, P = 0.28) (Fig. 3a) . Compared with 233 water and HIM of which 74% and 75% developed mammary tumour, respectively, maternal 234 LIM intake during pregnancy resulted in the lowest incidence (60% mammary tumors). The 235 number of mammary tumors per animal at sacrifice (tumor multiplicity) (Fig. 3b) are hydrolysed by intestinal glucuronidases and sulfatases upon ingestion before free 255 biologically active forms can be absorbed. 256
We fed pregnant rats skim milk which contained either high or low levels of 257 isoflavones; control dams received tap water. Skim milk was chosen for this study to avoid 258 any confounding effects caused by possible differences in fatty acid composition between the 259 LIM and HIM, and to minimize the effect of unconjugated biologically active endogenous 260 estrogens that are suggested to increase with fat content (37). Phytoestrogens in milk are 261 reported to be independent of milk fat content (28). HIM contained significantly more 262 daidzein and its metabolite equol than LIM. The latter, in turn, contained significantly higher 263 levels of enterodiol and enterolactone, two key lignan metabolites. These findings probably 264 reflect the fact that cow´s producing HIM consumed a feed ration which included red clover 265 silage containing high levels of isoflavones (29) typically used in organic milk production, 266 whereas LIM cows consumed a feed ration typical for conventional milk production which 267 includes white clover having a relatively high content of lignan precursors (38). 268
The different content of isoflavones in the two milk types could not be detected 269 as a difference in circulating levels of genistein, daidzein and equol at GD 19, perhaps 270 reflecting the overall relatively low content of phytoestrogens in these two types of cow´s 271 milk compared to for example soy milk. Lignans were not determined. However, since the 272 serum levels of E2 and IGF-1 at GD 19 were lower in the HIM than LIM dams, the higher 273 phytoestrogen content of HIM may have affected the dams. Commercial milk contains 274 relatively high levels of both IGF-1 and estrogens (26, 37), and this could explain why these 275 two tended to be higher in the LIM group than in the controls. The fact that they were lower 276 in the HIM dams is consistent with previous findings in women showing that red clover-277 derived isoflavones non-significantly reduce circulating IGF-1 levels (39) and that intake of 278
Cancer Research. soy-derived isoflavones is associated in some, but not all studies, with lower serum estrogen 279 levels (40). The tendency of higher circulating levels of IGF-1 and E2 levels in the dams 280 consuming LIM than in the control dams is consistent with milk containing relatively high 281 levels of both (26, 35), and perhaps thereby increasing them also in individuals consuming 282 milk (41), although milk protein consumption is believed to stimulate IGF-1 synthesis over 283
IGF-1 absorption (42). 284
Offspring of dams consuming HIM during pregnancy exhibited significantly 285 higher levels of DMBA-induced DNA adducts in their mammary glands than the controls; no 286 difference was seen between the control and LIM offspring. Consistent with this, mammary 287 tumor multiplicity and total tumor burden tended to be higher in the HIM group than in the 288 other two groups. Animal studies have shown an increase in mammary cancer risk among 289 offspring of dams which were exposed to high levels of isoflavones during pregnancy (10, 14, 290 43). Maternal exposure during pregnancy in these earlier studies was purified genistein, while 291 milk phytoestrogens are a mixture of several different phytoestrogens with isoflavones 292 daidzein and equol being the most abundant in HIM. Equol exists in two enantiometric forms: 293
S-(-) and R-(+); S-equol is the naturally occurring metabolite of formononetin and daidzein in 294
the rumen of cows and in the human intestine (4, 5, 44) and most likely the sole form in milk. 295
In a recent study of carcinogen-induced mammary tumorigenesis in rats, S-equol 296 administration from day 35 onwards showed no chemopreventive action, nor was it 297 stimulatory, while R-equol reduced mammary tumorigenesis significantly (45). In another 298 study, rats were exposed to S-or R-equol during neonatal life or pre-pubertally (day 21-35) 299 (15) . The exposures did not significantly alter later mammary tumorigenesis. The results 300 obtained in our study suggest that in utero exposure to equol in milk increases, rather than 301 protects against breast cancer. This is consistent with earlier studies which indicate that in 302
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utero and prepubertal isoflavone exposures are reported to have opposing effects on later 303 breast cancer risk (14). However, the possibility that reduced lignan levels in the HIM, 304 compared to the LIM, led to increased tumorigenesis, rather than high isoflavone levels, 305 cannot be ruled out. Lignans have been linked to reduced mammary cancer risk in animal 306 studies (46). 307
Offspring of dams consuming LIM milk during pregnancy exhibited several 308 changes which are predictive of increased breast cancer risk. Specifically, their dams had the 309 highest pregnancy IGF-1 and E2 levels, and they tended to have higher birth weight and they 310 exhibited the earliest puberty onset. High pregnancy E2 levels increase offspring's mammary 311 tumorigenesis (9), and it has been proposed that high IGF-1 also increases the risk (47). 312
Human epidemiological studies have reported that a high milk intake during 313 pregnancy is associated with increased birth weight (23) . Further, high birth weight is a risk 314 factor for breast cancer in both humans and rats (25, 48). Early puberty onset is known to be 315 related to increased breast cancer risk (49), although the effect has become less significant in 316 recent years (50). Thus, regardless of the increased presence of breast cancer biomarkers in 317 the LIM group suggesting that these rats should develop most mammary tumors, they were 318 not at an increased risk, illustrating that the chosen biomarkers are not always predictive of 319 mammary tumorigenesis risk. 320
In summary, maternal HIM intake during pregnancy, relative to tap water 321 intake, led to increased carcinogen-induced DNA adduct formation in the mammary gland 322 and non-significantly increased some key parameters of tumorigenesis among the offspring. 323
In contrast, maternal intake of LIM which contained more lignans than HIM, had no effect on 324 offspring's mammary cancer risk, although it increased dam's pregnancy estradiol and IGF-1 325 levels, induced higher birth weight and accelerated puberty onset. These finding suggest that 326
